Purpose: To determine alteration in left ventricular (LV) myocardial stiffness (MS) with hypertension (HTN). Cardiac MR elastography (MRE) was used to estimate MS in HTN induced pigs and MRE-derived MS measurements were compared against LV pressure, thickness and circumferential strain. Materials and Methods: Renal-wrapping surgery was performed to induce HTN in eight pigs. LV catheterization (to measure pressure) and cardiac MRI (1.5 Tesla; gradient echo-MRE and tagging) was performed pre-surgery at baseline (Bx), and post-surgery at month 1 (M1) and month 2 (M2). Images were analyzed to estimate LV-MS, thickness, and circumferential strain across the cardiac cycle. The associations between end-diastolic (ED) and end-systolic (ES) MS and (i) mean LV pressure; (ii) ED and ES thickness, respectively; and (iii) circumferential strain were evaluated using Spearman's correlation method. Results: From Bx to M2, mean pressure, MRE-derived stiffness, and thickness increased while circumferential strain decreased significantly (slope test, P 0.05). Both ED and ES MS had significant positive correlation with (i) mean pressure (ED MS: q 5 0.56; P 5 0.005 and ES MS: q 5 0.45; P 5 0.03); (ii) ED thickness (q 5 0.73; P < 0.0001) and ES thickness (q 5 0.84; P < 0.0001), respectively; but demonstrated a negative trend with circumferential strain (ED MS: q 5 0.31 and ES MS: q 5 0.37). Conclusion: This study demonstrated that, in a HTN porcine model, MRE-derived MS increased with increase in pressure and thickness. Level of Evidence: 1
However, Doppler-echocardiography does not provide information about the true intrinsic properties of the underlying tissue. 13 Therefore, there exists a need for an alternate noninvasive technique to estimate MS in HTN patients. Recently, with the advent of cardiac MR elastography (MRE), a phase-contrast based MRI technique, noninvasive quantification of MS has become feasible. [14] [15] [16] [17] Previously, this technique has been used in a porcine animal model to estimate end-diastolic (ED) stiffness with increase in ED pressure. 18 Additionally, this technique has also been implemented in patients with diastolic dysfunction, to show that MRE-derived shear wave amplitudes are significantly lower in patients compared with healthy volunteers. 16 The aims of this study are to exploit MRE in a wellestablished HTN porcine model to: (1) estimate temporal variation in LV MS; (2) validate LV MS measurements against invasive pressure measurements; and (3) compare LV MS measurements with changes in LV thickness and LV circumferential strain with disease progression over a 2-month period.
Materials and Methods
Eight juvenile Yorkshire pigs (serially studied at three time-points, i.e., n 5 24) weighing 70 lbs were used in this study. The study was performed in accordance with the university's institutional animal care and use committee guidelines.
HTN Animal Procedure
The animals underwent renal wrapping surgery, which is known to induce chronic systemic arterial hypertension, leading to LVH. 19, 20 The animals were placed in a supine position on the surgery table and preoperative bupivacaine (0.5%, dosage: 3-5 mL) was injected into the incision site. Renal wrapping surgery was performed by means of a midline abdominal incision. Both the kidneys were cleared of perinephric fat and wrapped snugly with sterile umbilical tape without constricting the renal vessel. 21 The abdominal wall was then closed in multiple layers using absorbable sutures. Postoperative analgesia consisted of a dose of buprenorphine (0.3 mg/mL, dosage: 0.005-0.02 mg/kg) and a fentanyl transdermal patch (100 lg/h/72 h).
MR Imaging Timeline
MR imaging was performed on all the animals at baseline (Bx) before surgery, and then repeated approximately after 1 month (M1) and 2 months (M2) post-surgery with the imaging parameters (detailed later) remaining same for all time points. These two postoperative time points were specifically selected as described elsewhere.
21,22

LV-pressure Measurements
Before each MRI scan, LV catheterization was performed under fluoroscopy (OEC 9800, General Electric, USA) to record LVpressure continuously using a bridge-amplifier (FE221, ADInstruments, Colorado Springs, CO) and Power Lab (PL3508, ADInstruments). At the same time, an electrocardiogram (ECG) was recorded using a Bio-amplifier (FE136, ADInstruments).
Animal Preparation for MR Imaging
MR imaging was performed in a 1. 5 Tesla (T) MRI scanner (Avanto, Siemens Healthcare, Germany). The animals were placed feet-first, supine in the scanner. Both sets of limbs were secured to the scanner table using surgical tape to prevent involuntary motion. Taping the forelimbs in this manner further exposed the pig's chest, which assisted in placing the passive driver and ECG leads. Additionally multiple sand bags were placed on either side of the animal to prevent it from rolling over. A custom-built driver system was used to induce external vibrations into the heart as shown in Figure 1 for performing MRE. 15 Anesthesia was induced using ketamine (20 mg/kg) and acepromazine (0.5 mg/kg) and maintained using isoflurane (1-5%). Isoflurane is a well-accepted anesthetic agent for use in porcine research models. At higher concentrations, isoflurane can decrease heart rate and cardiac output. However, the depth of anesthesia was closely monitored during the experiments to avoid these effects. The depth of anesthesia was adjusted to prevent spontaneous respiration during breathholds without depressing the heart rate. If the dose increased during an experiment, the amount of anesthesia was reduced, and all scans would be paused to allow the heart rate to recover; once the heart rate recovered, scanning was resumed.
Image Acquisition
Cardiac triggered (i) cine scouts, (ii) MRE, 14 and (iii) spatial modulation of magnetization (SPAMM) tagging sequences were implemented to acquire short-axis views of the heart using imaging parameters detailed below. Balanced steady-state free precession cine sequence was implemented to acquire vertical, horizontal long-axis views (4 slices at 45 8) and short-axis views (12-16 slices based on the size of the heart) covering the heart. The cine images were used to plan the rest of the scans. Imaging parameters for cine imaging included: echo time (TE)/repetition time (TR) 5 1.49/27.36 ms; field of view 5 300 3 300 mm 2 ; imaging matrix 5 256 3 256; slice thickness 5 6 mm; flip angle 5 46 8; cardiac phases 5 30; GRAPPA acceleration factor 5 2.
Retrospective pulse-gated, segmented multi-phase gradient recalled echo MRE sequence was used to obtain short-axis slices covering the entire LV (number of slices varied from five to seven based on the size of the heart).
14 Imaging parameters for MRE LV-THICKNESS. A mid-ventricular slice was selected from the MRE magnitude images at Bx, M1, and M2, and epicardial and endocardial contours were dawn. Visual inspection was performed to ensure that the mid-ventricular slice was same across the three time points (Bx, M1, and M2). Based on the contours, epicardial and endocardial LV diameter and thickness were calculated in Matlab (Mathworks, Natick, MA) for each cardiac phase. The phases corresponding to the minimum and maximum thickness were identified for ES and ED thickness measurements, respectively. These same phases were selected to report ES stiffness and ED stiffness (detailed below).
MRE. MRELab (Mayo Clinic, Rochester, MN) was used to process the wave images to obtain the stiffness maps. The wave images were masked to extract the LV and temporally Fourier transformed to obtain the first harmonic displacement field. Then the reflected waves were removed using a directional-filter in eight radial directions. 24 Next, a 4 th order Butterworth band-pass filter with cutoffs 0.384 m/field of view (FOV) to 0.0096 m/FOV was used to remove the longitudinal component of motion. The filtered displacement data in all directions was then inverted using a threedimensional (3D) local frequency estimation algorithm 14, 25 and a weighted stiffness maps 26 were obtained for all the slices. The stiffness maps were then loaded in Matlab and the 3D mean stiffness and standard deviation (SD) from all the slices across the eight cardiac phases at Bx, M1, and M2 were reported. Before calculating the mean stiffness, regions with poor wave propagation were excluded from the stiffness maps based on visual inspection by an observer (A.K.: 12 years' experience). Phases corresponding to maximum and minimum thickness were selected to report the ES and ED stiffness measurements.
CIRCUMFERENTIAL STRAIN. Images obtained from SPAMM tagging were analyzed using HARP (Diagnosoft, Durham, NC). Epicardial and endocardial contours were drawn on the ES cardiac phase and circumferential Eulerian strain was calculated for six different cardiac segments. The mean strain was reported for Bx, M1, and M2.
Statistical Analysis
Statistical analysis was performed using SAS9.4 (SAS Inc., Cary, NC). All measured parameters were compared against ES and ED MS. Anderson-Darling's test was performed on each parameter (mean LV-pressure, ED and ES stiffness and thickness, and circumferential strain) to check for normality. Because all the parameters were measured for each subject across three time-points (Bx, M1, and M2), those parameters that passed the normality test were analyzed using mixed-effects models. A mixed-effects model accounts for observational dependencies for each subject and allows for subject specific intercepts and slopes. 27 The time-point for each measured parameter was included as a fixed-effects component with three levels corresponding to Bx, M1, and M2; and MS (ES or ED) was added as a covariate. Spearman's rank correlation coefficients were used to describe the association between LV MS (ES, ED) and (i) mean LV-pressure, (ii) LV-thickness (ED and ES), (iii) circumferential strain. A P-value 0.05 was used to test for statistical significance. The mean and standard deviation (SD) of the ED thickness at Bx, M1, and M2 were 9.1 6 0.6 mm, 10.4 6 0.8 mm, and 12.3 6 1.3 mm, respectively. The mean 6 SD of the ES thickness at Bx, M1, and M2 were 13.7 6 1.8 mm, 16.0 6 1.5 mm, and 17.8 6 1.2 mm, respectively. In general, there was a significant increase in LV thickness at both ED (slope 5 3.24; P < 0.0001) and ES (slope 5 4.14; P 5 0.0001) from Bx to M2. Moreover, comparison of each with its prior time point showed similar results, i.e., both the ED and ES thickness increased significantly from Bx to M1 (P(ED) 5 0.02; P(ES) 5 0.01) and from M1 to M2 (P(ED) 5 0.002; P(ES) 5 0.03). Figure 3 shows ES and ED magnitude image, wave propagation in the x, y, and z-direction, and the corresponding stiffness maps at Bx, M1, and M2. The stiffness maps demonstrated that ED and ES LV MS were higher at M2 compared to M1, which was higher compared to Bx. 
Results
LV-Pressure
MRE
LV ED and ES MS
The means 6 SD for ED MS at Bx, M1, and M2 were 3.84 6 0.4 kPa, 4.24 6 0.3 kPa, and 4.82 6 0.2 kPa, respectively. The means 6 SD for ES MS at Bx, M1, and M2 were 4.94 6 0.5 kPa, 5.70 6 0.5 kPa, and 5.88 6 0.5 kPa, respectively (Fig. 5 ). Slope analysis from Bx to M2 indicated that as the disease progressed, mean LV MS increased significantly for both ED (slope 5 0.98; P < 0.0001) and ES (slope 5 0.94; P 5 0.002). While ED MS demonstrated a significant increase from Bx to M1 (difference 5 0.40; P 5 0.02) and M1 to M2 (difference 5 0.58; P 5 0.002), but ES MS did not. ES MS only showed a significant increase from Bx to M1 (difference 5 0.76; P 5 0.007) but non-significant increase from M1 to M2 (difference 5 0.12; P 5 0.47). Figure 6a and 6b shows correlation between ED, ES MS and mean LV-pressure, respectively. Similarly, Figure 6c and 6d shows correlation between ED MS and ED thickness, and ES MS and ES thickness, respectively. A significant positive correlation was observed between mean LV-pressure and LV ED MS (q 5 0.56; P 5 0.005) and ES MS (q 5 0.45; P 5 0.03). Additionally, both LV ED and ES MS had significant strong positive correlation with ED thickness (q 5 0.73; P < 0.0001) and ES thickness (q 5 0.84; P < 0.0001).
Correlation Between LV MS and Pressure and Thickness
Circumferential Strain
The mean 6 SD of the LV Eulerian circumferential strain at Bx, M1, and M2 was -7.49 6 1.61, -7.26 6 1.16, and -5.21 6 2.36, respectively (Fig. 7a) . Circumferential LV strain decreased significantly (slope 5 2.28; P 5 0.03) from Bx to M2, while the decrease between subsequent time-points was not significant. The Spearman's correlation between circumferential LV strain and LV ED and ES MS demonstrated that circumferential strain had a moderate negative correlation with both ED (q 5 0.31) and ES (q 5 0.37) LV MS, however, the correlation was not significant (P(ED) 5 0.15 and P(ES) 5 0.08) (Fig. 7b and 7c) .
Discussion
This study demonstrated the feasibility of using cardiac MRE to determine changes in MS in a well-established HTN model. Our findings indicated that mean LVpressure, LV-thickness, and MRE-derived MS increased significantly with disease progression. Furthermore, both mean LV-pressure and LV-thickness had good correlation with ED and ES MRE-derived LV MS, indicating that LVH secondary to hypertension caused increase in MS. Circumferential LV strain decreased at M2 and showed moderate negative correlation when compared with MS. Therefore, this study demonstrates the potential of using MRE as a noninvasive tool for the assessment of disease conditions that are potential predecessors to heart failure. 
LV-Pressure
Previous MRE studies in porcine models have shown that invasive pressure measurements strongly correlate with MS 15 and MRE-derived shear wave amplitudes. 28 Similar correlation of MS with increasing mean LV-pressure was observed confirming that change in pressure is related to change in LV MS. Although, despite an increase in stiffness from Bx-M2 in an animal, the pressure decreased from Bx-M1. Nevertheless, we suspect that the drop in pressure could be physiological response of the animal to anesthesia or can be associated with any calibration error in pressure measurements at M1. However, an increase in pressure was observed in the same animal from Bx-M2. Overall, this study validated MRE-derived stiffness against change in invasive pressure measurements during disease progression in a HTN porcine model.
LV-Thickness
Our results demonstrated that LV thickness increased throughout the cardiac cycle with disease progression, indicating the animals developed LVH. It is well known that LVH secondary to hypertension reduces LV compliance, leading to diastolic dysfunction. 20 This association between LVH (induced by hypertension) and LV compliance was reflected with an increase in MS that had a strong positive correlation with LV thickness. It is important to note that all kinds of LVH are not related to increase in MS. LVH can be induced either due to physiological remodeling or pathological remodeling. Physiological remodeling occurs as a physiological adaptation to an increased workload of the heart following intense physical training 29 ; on the other hand, pathological remodeling occurs as a response to a pathophysiological condition such as hypertension or FIGURE 3: MRE data. Bx: a and d; M1: g and j; M2: m and p. Magnitude image (mid-ventricular slice) at ED and ES, respectively. Bx: b and e; M1: h and k; M2: n and q. Wave propagation at ED and ES, respectively, in x, y, and z directions.. Bx: c and f; M1: i and l; M2: o and r. Stiffness maps at ED and ES, respectively. The maps demonstrate that ES stiffness is higher than ED stiffness; and stiffness at M2 is higher than stiffness at M1 which is higher than stiffness at Bx. valvular disease. 29 While pathophysiological remodeling causes an increase in MS as seen in this study, it is not true for physiological remodeling 29 ; hence, just an increase in LV thickness by itself cannot be used as a diagnostic metric.
MRE-Derived MS
The cyclic variation in MS across the cardiac cycle observed in this study is consistent with a previous study. 14 Furthermore, as observed earlier, 14 ES MS was significantly higher compared with ED MS in all the animals at each time point (Bx, M1, and M2). Additionally, MS did not increase uniformly throughout the cardiac cycle. While a significant increase in ED MS was observed both at M1 and M2, ES MS initially increased significantly (Bx to M1), but over time (i.e. from M1 to M2) the increase became insignificant. This observation could be related to the fact the LVH secondary to HTN is associated with impaired LV relaxation indicating the possibility of developing diastolic dysfunction. 22, 30 The subdued increase in ES MS could indicate that after the initial surge, the systolic function was being preserved. This is further exemplified from the correlation plots between ED and ES MS and mean LV-pressure which demonstrated higher correlation at ED compared with ES.
Circumferential Strain HTN-induced LVH is associated with reduced circumferential shortening, which is reflected as decreased circumferential strain (lower negative strain values) in this study and also confirmed in an earlier study. 31 The negative linear correlation between circumferential strain and ED and ES MS indicates that increased stiffness in this hypertensive LVH model is associated with decreased myocardial deformation. From the trend observed in circumferential strain measurements from Bx to M1 and from M1 to M2, it can be concluded that prolonged hypertension is required to observe severe reduction in strain measurements.
Limitations
There are some limitations in our study. First, the MREderived MS considers the myocardium to be an isotropic, homogenous, and infinite medium, which is not true. Hence, MS estimates obtained using MRE are termed to be "effective." 14, 15 Second, due to limited temporal resolution, it is difficult to capture precise ED and ES cardiac phases. However, minimum and maximum mid-ventricular thickness was used as a measure to select the best approximate ED and ES cardiac phases, respectively. Third, some animals had poor wave propagation in the posterior myocardial wall that was farther from the driver. Poor wave propagation means that there is insufficient wave amplitudes in the region of interest (i.e., low signal-to-noise ratio (SNR)). This can be attributed to many factors such as: (i) poor coupling of passive driver to the chest wall that induces external motion into the heart; (ii) distance of region of interest from the driver; and (iii) the depth of wave penetration, which is limited by the frequency and the maximum amplitude of the acoustic wave that is generated by the active driver. In three animals, a portion of the posterior myocardium in couple of slices (i.e., region away from driver) had poor wave propagation. However, in our study this region was excluded when estimating stiffness. Finally, in one of the animals at M1, the tags were of poor quality, and hence it was excluded from the analysis. Despite these limitations, this study demonstrated that MRE-derived MS measurements can potentially be used for timely diagnosis of disease conditions that are prone to develop heart failure over time.
In conclusion, MRE-derived MS is validated in a wellestablished HTN model against invasively obtained mean LV pressure measurements which correlated significantly with LV thickness measurements. 
